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The magnitude and composition of the sinking-particle ﬂux were studied over the northern Mid-Atlantic
Ridge (MAR) from June 2007 to July 2010. Four moorings equipped with dual sediment traps, 100 m and
1000 m above the sea ﬂoor, sampled regions north and south of the Charlie Gibbs Fracture Zone
(between 491N and 541N) and east and west of the MAR. Biogenic data were coupled with satellite
estimates of primary production and modelled particle source to assess the variability in export ﬂux.
Large variations were found in the seasonality, chemical composition, magnitude and source of sinking
particulate material between mooring sites. The northern moorings recorded both greater mean primary
production and greater particle mass ﬂux than the southern moorings, although, the large inter-annual
variability within the sites exceeded inter-site differences. While estimates of primary production and
organic carbon ﬂuxes are comparable to other investigations of this type, they are notably lower than
previous estimates for the abyssal plain of the North Atlantic. The deeper traps consistently recorded a
higher mass ﬂux compared to the shallower traps. However, we suggest that the overall ﬂux recorded by
the shallower traps was reduced by trapping inefﬁciency, which in the light of the low current velocities,
may largely be due to the physical nature of the sinking material. Although deep-trap ﬂux estimates may
be more susceptible to errors due to re-suspended and advected material from nearby topography, mass
ﬂux and current velocity are not linked. In addition, the relatively low aluminium concentration of the
deep-trap material indicates that this contribution is relatively small. The organic carbon ﬂux to the NE,
NW, SE and SW station was 0.8, 1.2, 1.1 and 1.1 g m2 y1 respectively, corresponding to an export ﬂux of
0.6% over this region of the MAR.
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Life on the deep-sea ﬂoor is sustained by a downward ﬂux of
organic matter via passive and biologically driven ‘pumps’ (e.g.
Volt and Hoffert, 1985). Within the photic zone of the upper-
ocean, primary production is consumed by higher trophic levels
and/or is biochemically transformed and recycled or exported to
deep waters. This process transfers the carbon ﬁxed through
photosynthesis from the upper ocean to the ocean ﬂoor where it
fuels benthic metabolism. On a global scale, this biological pump
exports 5–15 GT C y1 to the deep sea (e.g. Falkowski et al., 1998).
Regionally, carbon export from the upper ocean is both spatially
and temporarily variable and is strongly inﬂuenced by the pre-
valent seasonal and hydrographic conditions and the resultant
biogeochemical processes (e.g. Lampitt and Antia, 1997). Quantify-
ing the draw-down of carbon dioxide (CO2) from the atmosphere
to the ocean via primary production, followed by its removal by
recycling and export, is crucial in estimating the global CO2 ﬂux
as well as modelling the carbon transfer through the pelagic food
web to the deep sea (Azam, 1998; Falkowski, 1988; Sarmiento
et al., 1998).
There are a number of methods by which the export of
particulate carbon from the photic zone to the deep sea is
measured, yet these techniques have thus far proven to be
equivocal. Many have focused on indirect methods based on either
nutrient concentration (Eppley and Peterson, 1979), water column
oxygen demand (Jenkins, 1982) or water column radio-isotope
budgets (Buesseler et al., 2005). The only current direct method is
by the way of sediment traps (Honjo and Doherty, 1988) as long as
the effects of ‘swimmer’ contamination (motile planktonic organ-
isms that have swum into sample bottles) are removed (Michaels
et al., 1990). Over the last two decades there have been signiﬁcant
advances in carbon ﬂux studies facilitated by coupling sediment
trap data with high spatial and temporal resolution chlorophyll-a
and primary production data from ocean colour satellite sensors
such as SeaWiFS, MERIS and MODIS, and an increased interna-
tional coordination of effort via research programmes such
as JGOFS (Ducklow and Harris, 1992) and BENGAL (Billet and
Rice, 2001).
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The North Atlantic is one of the most productive marine
regions on the planet and is an important source of export
production (deYoung et al., 2004). Consequently, a growing
number of studies have been undertaken in this region to
investigate conspicuous seasonal phytoplankton ‘blooms’ and the
associated downward ﬂux of particulate organic matter. Within
the abyssal NE Atlantic previous studies have not only observed
considerable seasonal variability (with a summer maximum) but
also substantial inter-annual variability in both magnitude and
biogeochemical composition, with no clear long term trend
(Kiriakoulakis et al., 2001; Lampitt et al., 2010). Coupling biogeo-
chemical models with sediment trap data has produced good
agreement between absolute ﬂux estimates, but does not describe
well the observed inter-annual variability (Lampitt et al., 2001,
2010). Despite the lack of clear long term trends in the particulate
ﬂux, signiﬁcant changes in various components of the complex
benthic community have been found (Billett et al., 2001; Lampitt
et al., 2001). In the light of global climatic change, the use of the
deep sea for ﬁshing and the increasing utilisation of offshore
resources, there is a pressing need for more time-series observa-
tions in global ocean regions that have been under-studied in the
global ocean to enhance our understanding of the coupling
between particle ﬂux and benthic community processes.
The Mid-Atlantic Ridge (MAR) is a dominant bathymetric
feature that strongly inﬂuences the circulation and the location
of hydrographic fronts in the North Atlantic (Søiland et al., 2004;
Mauritzen et al., 2002). At 52–531N the MAR is offset by the
Charlie Gibbs Fracture Zone (CGFZ) and within this area the Sub-
polar Front (SPF) separates cold surface waters to the north from
warmer, more saline waters to the south. The disruption of
hydrography due to the physical structure of the MAR and its
impact on ecology of the mid latitudinal region 50–561N stimu-
lated the multi-disciplinary project ‘Ecosystem of the mid-Atlantic
Ridge at the Sub-Polar Front and Charlie Gibbs Fracture Zone’
(ECOMAR) (Priede et al., 2013).
The water column of the ECOMAR project site is dominated by
the weak eastward ﬂowing North Atlantic Current (NAC) made up
of sub-tropical water to the south of the CGFZ and a weak
westward ﬂow of sub-polar water to the north (Read et al.,
2010). The MAR within the project area forms a major physical
barrier to the eastward ﬂowing NAC which here consists of a
number of branches in a latitudinal band (Krauss, 1986). The ridge
causes topographic steering, most notably through the CGFZ but
also through the Faraday and Maxwell fracture zones further to
the south (Bower et al., 2002; Miller et al., 2013). The identiﬁcation
of the NAC as a branched current is complicated by the confusion
of alternately cyclonic and anticyclonic mesoscale eddies, typically
100–150 km in diameter that occur within the area (Heywood
et al., 1994). North of the CGFZ, the weak westward ﬂow has lower
eddy variability than the NAC to the south. Subarctic Intermediate
Water forms a shallow (o100 m) stratiﬁed surface layer below
which is less stratiﬁed, more saline Sub-polar Mode Water (down
to 600 m) and Labrador Sea Water (LSW) extending to 1800 m
(Talley and McCartney, 1982). Below the LSW lies the fresher and
cooler Iceland-Scotland Overﬂow Water (ISOW), which ﬂows
south down the eastern ﬂank of the MAR and then north along
the western ﬂanks after crossing east to west through the CGFZ.
South of the CGFZ the surface waters down to 1000 m are North
Atlantic Central Water (NACW), which is typically 6–7 1C warmer
than the surface waters to the north. Below the NACW, LSW
extends down to 2500 m below which a modiﬁed ISOW with
slightly lower salinity to that of the north to 4000 m (Read et al.,
2010).
Within the ECOMAR study area (Fig. 1), we addressed the
question of whether the increased vertical mixing at the MAR
promotes increased primary production, and whether this leads to
an enhanced export ﬂux of organic matter to the sea ﬂoor. To this
end, we have combined particle ﬂux measurements using ‘bottom
up’ estimates obtained from multiple sediment traps deployed for
the ﬁrst time in this region of the North Atlantic. These results are
also compared with ‘top down’ remote sensing of primary produc-
tion export ﬂux above the MAR. We have linked these by using
satellite altimeter derived currents to estimate epipelagic particle
source regions. The results are discussed in the wider context of
the Atlantic time-series data from the Porcupine Abyssal Plain
(PAP, 48150′N 16130′W).
2. Methods
2.1. Remote sensing algorithms of primary production (PP)
In situ primary production (PP(IS)) measurements are limited
spatially and temporally, so there has been a concerted effort to
derive accurate estimates of primary production from space (Platt
et al., 1988, 1995). Over the past decade NASA ran a number of
comprehensive validation exercises of satellite estimates of pri-
mary production (Campbell et al., 2002; Carr et al., 2006;
Friedrichs et al., 2009; Saba et al., 2010). These studies showed
that Wavelength Resolving Models (WRM), depth integrated (DIM)
and time independent (TIM) models performed similarly over the
global ocean but that for the Atlantic, WRM and TIM types proved
to be more accurate (Campbell et al., 2002; Carr et al., 2006).
Similarly, Tilstone et al. (2009) found that a WRM was more
accurate than a DIM or empirical models of primary production
over the Atlantic basin and in the North Atlantic. We have there-
fore used the WRM of Morel (1991) to estimate primary produc-
tion, which was implemented following Smyth et al. (2005) and
Tilstone et al. (2005). The maximum quantum yield for growth
(ϕm) and the maximum phytoplankton Chla-speciﬁc absorption
coefﬁcient (anmax) were parameterized using Chla following Morel
et al. (1996). The above-water spectral light ﬁeld was generated
using the Gregg and Carder (1990) model run at 5 nm wavelength
and 30-min time resolution. The inputs to the light model are
meteorological and ozone data, which were obtained from The
National Centre for Environmental Prediction (NCEP) and Earth-
Probe Total Ozone Mapping Spectrometer (EPTOMS), respectively.
Cloud ﬁelds were obtained from European Centre for Medium
Range Weather Forecasts (ECMWF) model output and used to
modify the above water light ﬁeld following Reed (1977). The light
ﬁeld was propagated through the water column by calculating the
Fig. 1. The North Atlantic showing position of SE, SW, NE and NW ECOMAR
sediment trap stations (diamonds). Also shown is Porcupine Abyssal Plain (PAP)
site (square) of Lampitt et al. (2001). The bathymetry scale shown is metres below
surface.
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spectral attenuation coefﬁcient for downwelling irradiance follow-
ing the methods of Morel (1988) as outlined in Tilstone et al.
(2005). Hourly rates were weighted to the water column light ﬁeld
and carbon ﬁxation was integrated over daylight hours, for
wavelengths 400–700 nm, to the 0.1% light level, Z0.1%, and
computed through the iterative approach of Morel and Berthon
(1989). The model was run using satellite 9 km monthly compo-
sites of Chla from SeaWiFS OC4v6 and temperature from AVHRR
pathﬁnder v6 SST. A homogenous water column proﬁle of Chla,
anmax and ϕm, was used. Time series primary production data were
extracted from the monthly composites from 1998 to 2010 from
two areas of 70 km and 400 km radius over the northern and
southern sediment trap moorings (Fig. 2). The size of the extrac-
tion areas was determined from the source region of the traps
(see Section 2.2).
2.2. Source regions for sediment trap material
Settling particulate material is subject to lateral advective ﬂow
as it descends through the water column. Material caught by the
sediment trap cannot, therefore, be assumed to originate from the
surface waters above the trap (Siegel and Deuser, 1997; Waniek
et al., 2000; Siegel et al., 2008). The source region may be both
remote from the trap and widely dispersed, and will vary with
time. Since the aim of the study was to establish the effects of the
MAR and SPF on particulate ﬂux reaching the seabed it is
important to establish whether the four trap sites have over-
lapping or distinct epipelagic particle source regions.
An estimate of lateral advection was made using velocity ﬁelds
derived from satellite altimetry (AVISO weekly ﬁelds on a 1/31
grid; http://www.aviso.oceanobs.com/). These estimates represent
surface geostrophic ﬂow structures which included the large scale
structure of the NAC plus its mesoscale eddies and meanders at
scales of around 100 km and larger. Smaller-scale and ageostrophic
ﬂows were not represented, including tides (assumed to yield
negligible net transport) and wind-driven ﬂows. The vertical
structure of geostrophic ﬂow is also unknown, although a fully
three-dimensional velocity structure is needed to predict the
trajectories of sinking particles. It is assumed, based on linear
regression between current meter observations at the mooring
sites and altimeter velocities that currents decreased linearly from
the altimeter-derived surface value to 15% of that value at 1500 m,
the approximate depth of the shallow traps. This structure
represented the component of sub-surface ﬂow that is correlated
with the altimeter surface velocity. Below 1500 m, the ﬂow was
increasingly topographically steered (Xu et al., 2010) and poorly
predicted by surface altimetry, so altimeter-based prediction of
source regions was only meaningful for the shallower traps.
For each day of sample collection, a particle was tracked
backwards in time from the 1500 m trap (Fig. 3) to the surface
based on three sinking rates: 50, 100 and 200 m d1, representing
the expected range for the bulk of collected material and consis-
tent with similar studies (e.g. Waniek et al., 2000; Berelson, 2002;
Xue and Armstrong, 2009; Armstrong et al., 2009). Trajectories
were therefore of 30, 15 and 7.5 days respectively. A horizontal
eddy diffusion coefﬁcient of 10 m2 s1 represented the effect of
dispersion due to unresolved ﬂow structures. Directly wind-driven
ﬂow was not included, but it was estimated that it would produce
Fig. 2. SeaWiFS OC4v6 composite image of ECOMAR area from 26 July to 01 August
2009. Open white squares are ECOMAR mooring stations. White Circles are 70 km
and 400 km radius around the North and South mooring sites respectively from
which the primary production data were extracted. Radius is based on modelling of
particle advection over the stations (Fig. 3).
Fig. 3. Surface source regions for the 1500 m sediment traps (stars) based on the particle advection by altimeter-derived geostrophic currents as particles sink at constant
rates of 50, 100 and 200 m day1. One particle trajectory and source point is calculated for each day of sampling (July 2007–June 2010).
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an additional o(1) km displacement, only reaching o(10) km for
slowly sinking particles in strong winds.
Since velocities were locally eddy-dominated and therefore
variable, the spread of predicted source regions for the full 3-year
period is large. Eddy structure evolves relatively slowly, however,
so each month or half-month sample has a considerably smaller
source region within this wider spread and inter-sample varia-
bility may resolve mesoscale variability of particle ﬂux (Fig. 3).
Estimated source regions were not sensitive to the eddy diffusion
coefﬁcient (i.e. mesoscale structure in the altimeter-resolved ﬂows
dominates the spread of source locations on these time scales).
2.3. Sediment trap estimates of particle ﬂux
Mass ﬂux estimates and geochemical measurements of particu-
late matter were obtained from McLane Parﬂux Mark 78H/W
21-way/13-way time series sediment traps (Honjo and Doherty,
1988) with a trapping area of 0.5 m2 intercepting sinking material
(McLane Research Laboratories Inc., MA, USA). Four moorings were
deployed, sampling the MAR north and south of the CGFZ, at 491N
and 541N, and east and west of the MAR axis (Fig. 1). Initial
deployments were in July 2007, with re-deployment in the summers
of 2008 and 2009, before ﬁnal recovery in June 2010 (Table 1). Each
mooring was in 2500 m of water in areas where the seabed was
locally relatively ﬂat. The southern sites lay within the eddy rich
zone, experiencing stronger currents and greater eddy inﬂuence than
the northern sites (Read et al., 2010). At each site, two sediment traps
were positioned 100 m and 1000 m above the sea ﬂoor (asf), and
each paired with an Aanderaa current meter. The NE and NW
moorings carried additional current meters spread throughout the
water column. All traps were in low-current environments with a
mean instantaneous current speed of o5 cm s1.
Deployment and sample treatment followed JGOFS protocols
(online protocols available at http://usjgofs.whoi.edu/protocols_
rpt_19.html). Brieﬂy, sediment trap sample bottles were primed with
ﬁltered and poisoned deep Atlantic water. Sodium chloride was added
to raise the salinity by 5 psu and 37% formaldehyde added to give a
ﬁnal concentration of 2%. On recovery a further 1ml of formaldehyde
was added to each sample bottle before storage at 4 1C. During the
summer cruise of 2008 the NE trap could not be located resulting in
no coverage at this site between July 2007 and July 2008. All other
moorings were successfully recovered. Bottles that were open during
recovery were not included in analysis, as were any sample bottles
that visibly contained rust, and which were considered likely con-
taminated from the shackle chain during deployment. To ensure that
no other samples were contaminated with shackle material, an aliquot
of every sample was taken for microwave acid digestion and trace
metal analysis as a screen for artiﬁcially high metal contamination.
Jamming of the trap carousel occurred in one deployment at the NE
station. This resulted from samples bottles misaligning during the bi-
monthly carousel rotation and failure to deploy subsequent sample
bottles of the 21 or 13 bottle array. A total of 322 viable samples were
recovered representing 88% of the scheduled coverage over the
3 years. Complete data coverage was not possible at sites SE 1000 m
asf, NE 100 m asf and NE 1000m asf. For calculating annual particle
and associated biogeochemical ﬂux rates, calendar year averages were
calculated for 2008 and 2009 only and from traps that had470%
recovery of samples, following the methodology of Lampitt et al.
(2001).
All ‘swimmers’ (metazoan zooplankton and, rarely, small ﬁsh)
thought to have actively entered the sample trapping bottle were
removed under a dissecting microscope. To enable mass estimates
and multiple geochemical analyses, each swimmer-free trap sam-
ple was divided into 10 equal wet splits using a McLane WSD-10
wet sample splitter. Sub-samples for C, and N were ﬁltered onto
pre-weight glass ﬁbre ﬁlters (nominal pore size 0.7 μm pre-
combusted at 450 1C for 2 h). Samples for Si and trace metal
concentrations were ﬁltered onto cellulose nitrate ﬁlters (0.45 μm
pore size). All sample tubes were rinsed with de-ionised water to
remove residual salt. All ﬁltered samples were oven dried for 16 h
at 65 1C and the mass weighed. Mean daily ﬂux estimates were
calculated for the sampling duration of each sediment trap bottle.
Total carbon and nitrogen concentrations were determined
using a Costech ECS 4010 (Costech Analytical Technologies, CA,
USA) (e.g. Sharp, 1974; Byers et al., 1978) using tin capsules
andacetanilide standard calibration. Organic carbon content was
determined in the same way after prior removal of calcium
carbonate by fuming with HCl vapour for 8 h. No correction was
made for formaldehyde preservation treatment.
Biogenic Si was determined by ﬂow injection analysis after
alkaline extraction with 0.1 M sodium carbonate solution in a
90 1C water bath for 20 min (DeMaster, 1981). Opal concentrations
were calculated assuming a Si:SiO2 ratio of 2.14.
To measure trace element abundances, sub-samples were acid
digested in Teﬂon beakers using a 2-step procedure. To digest
organic material samples were ﬁrst treated on a hot plate with
nitric and perchloric acid before evaporating to dryness. In the
second step a 3:1:1 mix of hydrochloric, nitric and hydroﬂuoric
acids were added for 24 h on a hot plate to digest lithogenic
components. All trace metals analyses were performed on a
Thermo Scientiﬁc X-Series (II) quadrupole Inductively Coupled
Plasma Mass Spectrometer (ICP-MS), equipped with Collision Cell
Technology (CCT hexapole mass analyser).
Calcium carbonate concentrations were calculated from inor-
ganic carbon (total C –organic C) using a carbonate to inorganic
Table 1
ECOMAR sediment trap deployment dates and locations.
Mooring Location Water depth (m) Sampling schedule
North West Deployed Recovered
SE 2007–2008 491 02.60′ 0271 43.48′ 2500 7/19/2007 7/31/2008
SE 2008–2009 491 02.60′ 0271 43.48′ 2500 7/31/2008 8/7/2009
SE 2009–2010 491 02.60′ 0271 43.48′ 2500 8/7/2009 6/24/2010
SW 2007–2008 481 46.80′ 0281 38.41′ 2500 7/26/2007 8/1/2008
SW 2008–2009 481 46.80′ 0281 38.41′ 2500 8/1/2008 8/20/2009
SW 2009–2010 481 46.80′ 0281 38.41′ 2500 8/20/2009 6/16/2010
NE 2007–2008 541 00.02′ 0341 10.57′ 2500 8/9/2007 Trap lost
NE 2008–2009 541 00.02′ 0341 10.57′ 2500 8/8/2008 9/1/2009
NE 2009–2010 541 00.02′ 0341 10.57′ 2500 9/1/2009 6/2/2010
NW 2007–2008 531 59.31′ 0361 07.40′ 2500 8/1/2007 8/7/2008
NW 2008–2009 531 59.31′ 0361 07.40′ 2500 8/7/2008 8/26/2008
NW 2009–2010 531 59.31′ 0361 07.40′ 2500 8/26/2009 6/2/2010
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carbon ratio of 8.33:1. It was found that in samples with a
low mass prior to sub-sampling (o2 mg) it was difﬁcult to
obtain carbon measurements beyond the level of detection. In
this case we chose to use the Ca concentration to estimate
calcium carbonate measured via ICP-MS after removal of the
lithogenic Ca component using the tandem Al measurement and
a Ca:Al from shale of 0.28 (Turekian and Wedephohl, 1961). This
contribution of lithogenic Ca was generally found to be small, and
typically less than 2% of the total calcium. Total biogeochemical
inventories were assessed by addition of organic matter (calculated
as 1.8POC)þbiogenic Siþcalcium carbonate.
3. Results
3.1. SeaWiFS primary production
Mean monthly primary production from 1997 to 2010 for the
North and South ECOMAR sites and PAP are given in Fig. 4. All
three sites exhibited peak production during May – June of
between 650 and 1100 mg C m2 d1. Although the mean
monthly primary production curve of the Northern site appears
higher than that of the southern site using the particle source
areas based on the particle ﬂux modelling (see Section 3.2; North
MAR 70 km, South MAR and PAP 400 km), when calculated over
the entire SeaWiFiFS archive from 1997 to 2010 (Fig. 8), it is within
the standard deviation of the 13-year mean, and there was
consequently no signiﬁcant difference between North and South
sites (F1,280¼0.37, P¼0.545). PAP had a signiﬁcantly higher pri-
mary production compared to the MAR sites (F2,420¼6.47,
Po0.001). There were no signiﬁcant differences between years
at the Northern (F3,32¼1.66, P¼0.197), Southern (F3,40¼1.38,
P¼0.263) and PAP (F3,40¼0.77, P¼0.517) sites.
3.2. Source region for sediment trap material
Fig. 3 depicts the source regions during the deployment period
based on particle advection by altimeter-derived geostrophic
currents using settling rates of 50, 100 and 200 m d1. The source
areas for northern and southern mooring pairs were clearly
distinct, but varying degrees of overlap occur for each pair of
moorings on either side of the MAR as the settling velocity is
decreased. For the southern trap pair, overlap occurs for all chosen
settling velocities whereas overlap only occurs at the lowest
velocity for the northern moorings. Signiﬁcant inter-month and
inter-annual variability in particle trajectories and surface source
locations was found (Fig. 5 illustrates this for the SW trap during
2008 and 2009).
3.3. Sediment trap results
3.3.1. Particle ﬂux
The number of swimmers removed to allow ﬂux estimates had
a seasonal cyclicity, most clearly demonstrated in the southern
stations but with the highest numbers recorded in the shallower
NE trap during the summer of 2008. The mean number of
swimmers removed from upper and lower SE, SW, NE, NW traps
was similar: 2.271.7 (mean71 standard deviation, n¼86), 1.57
1.6 (n¼71), 3.172.4 (n¼61) and 1.170.3 (n¼105) swimmers per
trapping day respectively.
The recorded estimates of particle mass ﬂux show large
ﬂuctuation over the course of the deployment with varying
degrees of seasonal cyclicity and with little inter-trap correlation
of mass ﬂux peak timing and magnitude (Fig. 6). Furthermore, and
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Fig. 4. Mean monthly primary production (mg C m2 d1) from 2007 to 2010 for
sampling sites north and south of the Charlie Gibb Fracture Zone and PAP site.
Fig. 5. Intra-month and intra-annual variability in particle trajectories and surface
source locations (circles) to the SW 1500 m trap for particles reaching the trap
(stars) at the start of each month of 2008 (blue) and 2009 (green).
R.E. Abell et al. / Deep-Sea Research II 98 (2013) 257–268 261
counter intuitively, the deeper traps typically record higher
monthly mass ﬂuxes than the shallower traps and accordingly a
higher mean annual ﬂux (Table 2), this is seen most clearly in the
northern traps. In addition, the relative timing between shallow
and deep trap mass ﬂux peaks varies between the sites with the
northern traps showing greatest temporal dissimilarity of peak
events.
The SW traps show the closest similarity of timing between
shallow and deep peak events, which appear sharply around mid-
summer and decay into the spring of the following year. The SE
site traps also exhibit a close temporal match but with a more
gradual increase in ﬂux from the beginning of the year. The NW
site shows the greatest difference between shallow and deep
mean annual ﬂuxes (Fig. 6 and Table 2) of 4.2 g m2 y1 versus
18.5 g m2 y1 and with little or no correlation between the
timing and intensity of the mass ﬂux peak events. Here, small
shallow trap peak events are evident between May and June but
are dwarfed in intensity and duration by prolonged deep-trap
ﬂuxes that appear in mid-summer and continue into early spring
of the following year. The zero and near zero values seen in the
Fig. 6. Mass ﬂux estimate. Solid line shows data from deep trap 100 m asf, dashed line from shallow trap 1000 m asf.
Table 2
Annual particulate ﬂux data recorded in ECOMAR sediment traps from 2007 to 2010.
Annual primary production and biogeochemical ﬂuxes SW
trap
SE
trap
NW
trap
NE
trap
Mean southern traps
(Error is71 s n¼2)
Mean northern traps
(Error is71 s n¼2)
All stations
(error is71 s n¼4)
Annual primary production (g C m2 y1) 178.0721.2 205.3722.4 191.6743.7
Mass ﬂux of deep trap (g m2 y1) 16.8 23.3 18.5 38.5 20.074.6 28.5714.1 24.379.8
Mass ﬂux of shallow trap (g m2 y1) 12.1 13.6 4.2 18.6 12.971.1 11.4710.2 12.176.0
POC ﬂux of deep trap (g m2 y1) 1.1 1.1 0.8 1.2 1.170.0 1.070.3 1.1 70.2
POC ﬂux of shallow trap (g m2 y1) 0.9 0.9 0.3 0.7 0.970.3 0.570.3 0.7 70.3
Calcium carbonate ﬂux of deep trap (g m2 y1) 11.2 15.3 10.2 19.2 13.272.9 14.776.4 14.074.1
Calcium carbonate ﬂux of shallow trap (g m2 y1) 5.5 6.9 2.3 8.9 6.271.0 5.674.7 5.972.8
Biogenic Silica ﬂux of deep trap (g m2 y1) 0.7 1.2 3.2 0.9 1.070.4 2.171.6 1.571.2
Biogenic Silica ﬂux of shallow trap (g m2 y1) 0.95 0.47 0.11 1.11 0.770.3 0.670.7 0.770.5
TPN ﬂux of deep trap (g m2 y1) 0.15 0.16 0.14 0.16 0.157 0.01 0.157 0.01 0.1570.01
TPN ﬂux of shallow trap (g m2 y1) 0.12 0.17 0.07 0.38 0.157 0.03 0.227 0.22 0.1870.14
Residual ‘lithogenic’ ﬂux of deep trap (g m2 y1) 3.0 4.8 3.7 16.1 3.97 1.3 9.97 8.8 6.976.2
Residual ‘lithogenic’ ﬂux of shallow trap (g m2 y1) 4.1 4.6 1.2 7.4 4.37 0.4 4.37 4.3 4.372.5
Al ﬂux of deep trap (g m2 y1) 0.14 0.12 0.09 0.47 0.1370.0 0.2870.3 0.2070.2
Al ﬂux of shallow trap (g m2 y1) 0.04 0.05 0.01 0.04 0.0470.0 0.0370.0 0.0370.0
Organic carbon export ratio (%), deep trap (100 m asf) 0.62 0.49 0.57
Organic carbon export ratio (%), deep trap (1000 m asf) 0.51 0.24 0.37
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NW deep trap between September 2007 and July 2008 are starkly
different to subsequent years, although no evidence of malfunc-
tion exists on the trap operation log.
It is difﬁcult to adequately draw comparisons between the NE
site and the other sites because of the lack of data from the ﬁrst
year of deployment due to the loss of the mooring and the
jamming of the carousel of the deep trap during the ﬁnal year of
deployment. However, there may exist a similar time lag between
shallow and deep ﬂux events as seen in the NW trap. In particular
the broad peak which is encountered in late summer 2008 in the
deep trap and which continues into the following spring and
appears to precede that of the shallow trap by 2 months. Well
resolved narrow peaks do occur at both depths here but due to the
lack of data, matching these peaks to a single ﬂux event is not
possible.
The maximum daily mass ﬂux estimate of 351.1 mg m2 d1
was recorded at the deep SE trap during August 2009. The mean
annual particle ﬂux recorded at the shallower northern traps was
11.4 g m2 y1 and 12.9 g m2 y1 for southern stations. The mean
annual sediment ﬂux for the deep traps at the northern sites was
28.5 g m2 y1, while at the southern sites it was 20.0 g m2 y1.
Due to the large seasonal variability in the ﬂux signal, the differ-
ences between the north and south annual mass ﬂux estimates
were, however, not statistically signiﬁcant. The overall 2008 mean
mass ﬂux estimate for the shallow traps was 6.570.6 g m2 y1
(1s, n¼3) which is approximately half the estimate for 2009
(13.17 6.6 g m2 y1, 1s n¼4), although the 2009 estimate has a
much larger variability between the four stations. The similar
overall mean 2008 and 2009 ﬂux values recorded at the deep traps
are 18.373.2 g m2 y1 (1 s n¼2) and 23.379.2 g m2 y1 (1 s
n¼4) respectively.
3.3.2. Biogenic chemistry
The major biogenic chemical components for the 2007–2010
deployment are summarised in Table 3, which also contains data
for the surface sediment recovered from the NE station. The
highest mean POC % of the particulate matter occurred at the
SW station of 6.7% and 7.3% for the deep (100 m asf) and shallow
(1000 m asf) traps respectively. The lowest means of POC % were
recorded at the north-east site of 3.2 in shallower traps and 3.8% in
the deeper traps. On a regional scale, the southern traps recorded a
higher mean POC % of 5.8% and 7.0% compared to the northern
traps of 3.8% and 5.6%. Over the ECOMAR study area the mean POC
concentrations were 4.8% for the deeper traps and 6.3% for the
shallower traps. With regard to the inorganic carbon estimate, the
range of PIC values recorded over the ECOMAR site (between 5.4%
and 7.9%) appear less than the POC range (3.2–7.3%). While the
POC concentrations were higher in the shallower traps, the PIC
measurements were greater in the deeper traps, with the greatest
difference seen at the southern stations.
In comparison to the range of both POC and PIC values, biogenic
silica has the largest range of mean concentrations (2.3–17.4%).
This variation reﬂects a very large silica component recorded in
the NW deep trap during the spring of 2010 towards the end of the
deployment period. The mean ratio of POC to total particulate
nitrogen (TPN) is lower in the shallower trap (from 4.5 to 8.9,
mean of 4 stations¼6.9) compared to the deeper trap (7.8–9.7,
mean of 4 stations¼9.0). Both the recorded POC:PIC and BioSi:POC
measured in trap material are highly variable during the deploy-
ment period with, no clear seasonal peak.
Calculating an inventory of all the major biogenic components
of the mass ﬂux leaves a residual ‘lithogenic’ ﬂux component of
34.2% in the shallow ECOMAR traps and 25.6% in the deep traps.
Within individual moorings, the highest lithogenic ﬂux compo-
nents are found at both the shallow and deep traps recovered from
the NE mooring (39.5% and 41.9% respectively). The deepest trap at
this mooring also contained the highest Al concentration of 1.2%
(Table 3).
4. Discussion
4.1. Mid-ocean ridge particulate matter ﬂux and primary production
Large variation in total mass ﬂux and POC ﬂux was recorded
from all sediment traps within the MAR study site during the
2007–2010 deployment (Fig. 6 and Table 2) the nature and
magnitude of which are entirely consistent with previous
Table 3
Biogenic composition of ECOMAR and PAP (Lampitt et al., 2010) sediment trap material and surface sediments recovered from the NE ECOMAR station.
Mooring m
asf
Water
depth (m)
Sample coverage
August 2007–August
2010 (% days)
POC
(%)
PIC
(%)
POM
(%)
Calcium
carbonate (%)
Biogenic
silica (%)
TPN
(%)
Residual
‘Lithogenic’
component (%)
Aluminium
(%)
POC:PIC
(Molar)
POC:TPN
(Molar)
SE 2007–2010 100 2400 90.3 4.8 7.9 8.7 65.6 5.3 0.7 20.4 0.5 0.6 9.3
SE 2007–2010 1000 1500 80.5 6.7 6.1 12.0 50.6 3.5 1.2 33.9 0.3 1.1 5.8
SW 2007–2010 100 2400 66.8 6.7 7.9 12.1 66.2 4.1 0.9 17.6 0.8 0.8 9.1
SW 2007–2010 1000 1500 91.7 7.3 5.4 13.2 45.4 7.8 1.0 33.6 0.3 1.3 8.9
NE 2007–2010 100 2400 54.1 3.2 6.0 5.8 49.9 2.3 0.4 41.9 1.2 0.5 7.8
NE 2007–2010 1000 1500 89.5 3.8 5.7 6.9 47.6 6.0 2.0 39.5 0.2 0.7 4.5
NW 2007–2010 100 2400 90.3 4.3 6.6 7.8 55.0 17.4 0.8 19.9 0.5 0.7 9.7
NW 2007–2010 1000 1500 88.9 7.3 6.5 13.1 54.6 2.7 1.6 29.5 0.2 1.1 8.4
All traps
2007–2010 100 2400 75.4 4.8 7.1 8.6 59.2 7.3 0.7 24.9 0.8 0.7 9.0
2007–2010 1000 1500 87.6 6.3 5.9 11.3 49.5 5.0 1.5 34.2 0.3 1.1 6.9
Northern traps
2007–2010 100 2400 72.2 3.8 6.3 6.8 52.4 9.9 0.6 30.9 0.9 0.6 8.7
2007–2010 1000 1500 89.2 5.6 6.1 10.0 51.1 4.4 1.8 34.5 0.2 0.9 6.5
Southern traps
2007–2010 100 2400 78.5 5.8 7.9 10.4 65.9 4.7 0.8 19.0 0.7 0.7 9.2
2007–2010 1000 1500 86.1 7.0 5.8 12.6 48.0 5.7 1.1 33.8 0.3 1.2 7.4
PAP (1989–2004) 1800 3000 8.7 6.0 49.9 9.2 25.4 1.4
Surface sediment
NE station 0 0.7 0.1 1.4 9.4
R.E. Abell et al. / Deep-Sea Research II 98 (2013) 257–268 263
investigations of this type from a diverse range of oceanic settings
(e.g. Honjo et al., 2008). Whilst primary productivity estimates
record a strong seasonal signal during this interval (Fig. 4), the
sediment trap record of seasonality in ﬂux, although not absent, is
poorly deﬁned at individual stations (Fig. 6). Combining the
monthly ﬂux estimates from individual traps north and south of
the CGFZ into northern and southern ‘sectors’ (Fig. 7) allows a
direct comparison with monthly PP estimates (Fig. 4) and reduces
some of the variability within ﬂux estimates (Fig. 7). It does not
however, yield a strong relationship with the mean monthly PP.
Only the northern shallow traps record a mass ﬂux with a weak
correlation with PP (rs¼0.48 po0.05) and, as with satellite and
mass ﬂux data documented at the PAP site (Lampitt et al., 2010),
no strong relationship between PP and ﬂux components.
Despite the lack of correlation between mass ﬂux estimates (and
the chemical components of this ﬂux) with PP, weak seasonal
patterns are visible in the sediment trap record (Figs. 6 and 7). All
shallower and deeper traps within the ECOMAR study site show
spring and late summer peaks separated by minima close to March
and July (Fig. 6). The deeper sediment traps received a higher ﬂux
through each of the winter months and record a greater mean annual
mass ﬂux. The mean mass ﬂux recorded in all the upper traps is
12.1 g m2 y1 while the estimate from all the lower traps is two-
fold greater, 24.3 g m2 y1. In detail, there appears greater mean
annual mass ﬂux north of CGFZ and east of the MAR and lower values
to the south and west (Fig. 6 and Table 2) although, due to the large
inter-annual variability these differences are not statistically signiﬁ-
cant. The particle tracking model data for the water column above the
ECOMAR sediment traps suggest that the source region of trapped
material was dissimilar between sediment traps moored north and
south of the CGFZ. The northern sector is characterised by a smaller
more localised particle source region, which is only 20% of the area
sampled by the southern stations (Fig. 3). These more localised
particle source regions north of the CGFZ were more deﬁned than
southern station, with a clearer separation east and west of the MAR
(Fig. 3). Intra-month and intra-year variability in particle source
region is large (Fig. 5) and this dynamic particle source region may
increase the variability seen within the sediment trap record (Fig. 6).
At the PAP mooring the mean calendar year particulate ﬂux
estimates from 8 calendar years of data between 1989 and 2004 at
3000 m water depth ( 600 m deeper than the ECOMAR traps)
record a strikingly similar mean mass ﬂux of 24.6 g m2 y1
(Lampitt et al., 2001, 2010). The earlier investigation at the PAP
mooring (1997–1999) set a sediment trap at 1000 m depth (500 m
shallower than the shallowest ECOMAR sediment traps). This trap
recorded a mean mass ﬂux of 11.5 g m2 y1, again markedly
similar to the mean mass ﬂux recorded by the shallower ECOMAR
sediment traps (12.1 g m2 y1). Although the time series data of
ECOMAR and PAP do not overlap, and despite the large inter-
annual variability in particulate ﬂux at both sites, it is noticeable
that the yearly mean particulate export over these bathymetrically
distinct regions of the Atlantic is similar.
Fig. 8 shows the mean monthly primary production anomaly at
the three sites, which illustrates over 12 years a higher inter-annual
variability at the northern compared to the southern and PAP sites. All
sites exhibited a gradual increase in primary production from 1998 to
2010, which was forced by consistently high values at all sites in 2010.
At the Northern site, primary production remained stable from 1998
to 2002, followed by a strong decrease to 2004 after which time it
increased again. At the southern and PAP sites, there was a slight
decrease in the PP anomaly from 1998 to 2010 after which time
primary production showed a consistent increase. By comparison, at
the PAP site there was no overall change in primary production from
1998 to 2010, though from 1998 to 2005 there was a slight increase.
Fluctuations in atmospheric forcing of the North Atlantic have
occurred over the past 30 years and are reﬂected by the North
Atlantic Oscillation (NAO) (Hakkinen and Rhines, 2004). The NAC
branches north-eastward close to the Rockall Trough (Orvik and
Skagseth, 2003), and depending on the strength of the sub-polar
gyre (Hatun et al., 2005), is topographically steered either into the
Faroe-Shetland Channel or the Iceland basin (Hakkinen and Rhines,
2009). Positive NAO results in a later spring bloom in North Atlantic
sub-polar waters (Henson et al., 2000). During the SeaWiFS time
series from 1998 to 2010 (Fig. 4), there was a reversal of the winter
NAO index which resulted in an increase in primary production and
positive anomalies at the Northern, Southern and PAP sites which was
greatest at the northern site (Fig. 8). From 2001 to 2005 the NAO then
ﬂuctuated between weak positive and negative (Hakkinen and
Rhines, 2009), which resulted in lower primary production associated
with a predominantly negative anomaly in all regions. After 2006, the
NAO switched to positive, causing a further decrease in PP at the
Southern and PAP sites, but an increase at the northern site. During
summer 2010 there was a signiﬁcant increase in primary production
at all sites and especially in the north (Fig. 9). This increase in north
Atlantic primary production may be associated with the eruption of
the Icelandic volcano Eyjafjallajökull in summer 2010 possibly
through the deposition of micro-nutrients into the surface ocean
causing an increase in Chla biomass as reported by Olgun et al. (2011)
and Achterberg et al. (2013). However, although the recorded mass
ﬂux at the north west deep and north east shallow traps is relatively
high during this period, their magnitude appears to be within the
variability seen within the entire deployment.
4.2. Particulate carbon ﬂux and chemical composition
The mean annual POC ﬂuxes across the ECOMAR sites (during
2007–2010) are around 1 g m2 y1 for the deeper traps and
approximately half that for the shallower traps. Compared to the
PP values over the area these estimates represent an export ratio
Fig. 7. Mass ﬂux estimates North and South of the CGFZ. Solid lines are southern
traps, dashed lines are northern traps.
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to the deep traps of 0.62% for the southern stations and 0.49% for
the north (Table 2). These ﬂux records are within the range of
published annual deep water values from 23 sites north of the
equator (40.3 to o7.0 g m2 y1, Antia et al., 2001), yet lower
than PAP estimates from similar depths. The trap at 3000 m depth
at the PAP site (analogous to our deeper trap) recorded a mean
annual POC ﬂux of 2.1 g m2 y1 (during 1999–2004), approxi-
mately twice the annual POC ﬂux recorded at the deepest ECOMAR
traps. The shallow trap at the PAP site recorded a mean annual
POC ﬂux of 0.9 g m2 y1 (during 4 years 1990–1999), which is
20% greater than the mean value from the shallow ECOMAR
traps. Although the decadal time series from the PAP demonstrates
that the variation in these POC ﬂux estimates may be large (up to
78.5% coefﬁcient of variance), the annual mean POC ﬂuxes gener-
ated at the ECOMAR site are all notably lower (Table 3). This data is
interesting in the light of the similar mean annual mass ﬂux
ﬁgures described above.
The similarity in the annual mass ﬂux estimates between the
PAP and ECOMAR sites combined with the dissimilarity in POC ﬂux
(lower at the MAR compared to the PAP) highlights the difference
in the chemical compositions of sinking material between ECO-
MAR and PAP regions of the Atlantic. At the PAP site organic
carbon contributes 8.7% of the ﬂux component (Lampitt et al.,
2010). At the ECOMAR sites, organic carbon is less at all 4 stations,
making up 4.4% (71.5%, 1 s, n¼4) in the deeper traps and 5.8%
(71.6%, 1 s, n¼4) in the shallower traps. This discrepancy is
balanced by a greater contribution of Particulate Inorganic Carbon
(PIC) at the ECOMAR site. The deeper traps at the ECOMAR site
(2400 m depth and 100 m asf) record a mean PIC concentration of
59.2% (7 8.0%, 1s, n¼4), higher than the 49.9% PIC recorded at a
similar depth at the PAP site (3000 m depth and 1800 m asf:
Lampitt et al., 2010).
Inventories of the major biogenic components of the mass ﬂux
result in a residual ‘lithogenic’ ﬂux component of 25.6% at the deep
ECOMAR trap (in 2400 m depth and 100 m asf) and 25.4% at the PAP
site (in 3000 m and 1800 m asf). This observation highlights the
additional contribution of PIC at expense of POC % to particulate ﬂux
over the ECOMAR study region in comparison to the time series
recorded at the PAP.
4.3. Trapping efﬁciencies
As the ﬂux estimates from the shallower ECOMAR traps are
smaller than those of the deeper traps, we may conclude that
either the shallower traps are performing less efﬁciently or the
deeper traps are receiving re-suspended material. This observation
of lower estimates of particle ﬂux in watero2000 m at the
ECOMAR sites is consistent with other similar sediment trap
investigations from the North Atlantic, such as PAP (Lampitt
et al., 2001), JGOFS (Michaels and Knap, 1996), OMEX (Celtic Sea)
(Antia et al., 1999) and ESTOC (100 km north of the Canary Islands)
(Neuer et al., 1997), which all document lower mass ﬂux in
mesopelagic (100–2000 m) traps than deeper traps at the same
mooring. Importantly, Lampitt et al. (2001) discounted their early
work with the 1000 m depth trap, suggesting the veracity of these
data were compromised by trapping inefﬁciency. In part, the
authors suggest this difference was due to a highly variable ﬂux
signal recorded by this trap. More fundamentally however, this
conclusion was driven by the obvious disparity between the
shallower traps that consistently recorded a lower mean particle
ﬂux estimate than the deeper traps.
Higher current speeds within the upper ocean can greatly reduce
trapping efﬁciency (e.g. Baker et al., 1988). Within the mesopelagic
layer of the North Atlantic, current velocities of 20 cm s1 may
reduce the efﬁciency of sediment traps too40% (Scholten et al.,
2001; Yu et al., 2001). By contrast, minimal sampling artefacts occur
when current velocities areo12 cm s1, such as found in the more
quiescent conditions of the deep ocean (Newton et al., 1994; Jickells
et al., 1996). Aanderaa current meters tethered directly below each
sediment trap recorded mean speed ofo6 cm s1 at both shallower
and deeper traps during the ECOMAR deployments. These results
suggest current velocities should not be an overarching control on
the efﬁciency of ECOMAR.
The traps were deployed amongst complex MAR topography
with local topographic highs (Priede et al., 2013) comparable in
depth to the shallower traps. It is plausible that despite the low
current velocities recorded, re-suspended material could enter the
deeper traps from nearby topography. However, there is no clear
relationship between mean current speed and direction and mass
ﬂux (Fig. 9).
While current velocities and trapping efﬁciency are connected
(e.g. Buesseler et al., 2007), trapping efﬁciency is not regulated
solely by lateral current velocity. For example, Scholten et al.
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Fig. 8. Mean monthly Primary Production anomaly calculated from SeaWiFS data
from 1998 to 2010 for North, South and Porcupine Abyssal Plain mooring sites.
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(2001) estimated trapping efﬁciencies using 231Pa and 230Th from
a number of JGOFS stations in the north Atlantic. At 47148′N 19148′
W in 500 m water depth with 20 cm s1 average current velocity
trapping efﬁciencies were around 15%. At 1000 m on the same
JGOFS mooring, the current velocities were much lower
(6 cm s1), which would suggest trapping efﬁciencies should be
higher, yet trapping efﬁciencies recorded at this trap were simi-
larly low (20%). A key dynamic affecting the ﬁdelity of deep ocean
sediment traps is the composition of trapped material. ‘Fresh’ POM
generated in the epipelagic zone has a density close to that of sea
water (Honjo et al., 2008). Other than active transport via
zooplankton during diel migration, the majority of POM/POC
removal from euphotic zone of the oceans is facilitated by multiple
cycles of biologically mediated disaggregation and amalgamation
that progressively repackages the particulate material (e.g. Boyd
and Trull, 2007; Honjo et al., 2008). Therefore in order for POM to
settle to signiﬁcant depths and escape metabolism within zoo-
plankton ecosystems, particle aggregation or ballasting with a
denser mineral phase, such as CaCO3 or a lithogenic phase is
required (e.g. Francois et al., 2002). The legacy of these many
biologically driven depth-dependant processes is evident within
biochemically important and more refractory element phases,
which have stark compositional differences between upper and
lower traps. In the water column between upper and lower traps,
more labile elements are preferentially removed due to consump-
tion of heterotrophs (e.g. Martin et al., 1987), which give rise to
elevated C:N and lower POC:PIC in the deeper traps relative to the
shallower traps (Table 3).
The increase in size and sinking velocity of POM as it aggregates
and changes physical morphology with depth, contributes to sedi-
ment trapping efﬁciency (e.g. Silver et al., 1998; Beaulieu and Smith,
1998). At greater depths it is also important to rule out the addition
of laterally advected or re-suspended particulate material, which
may give an artiﬁcially high ﬂux estimate (e.g. Walsh et al., 1988; Yu
et al., 2001). In the north Atlantic ‘over-trapping’ likely due to
resuspension of particles near the sea ﬂoor produces sediment
trapping efﬁciencies of 121–135% (Yu et al., 2001). At the PAP site
resuspension of material is evident within CTD transmissivity
proﬁles, which resolve a nepheloid layer of particulate material
extending several hundred metres above the sea ﬂoor (Lampitt
et al., 2000). This re-suspended material contains higher Al con-
centrations and, accordingly, increases the Al concentration of
material collected within PAP sediment traps tethered 90 m asf by
a factor of 2.5 relative to the shallower traps in clear water on the
same mooring (Lampitt et al., 2000). At the ECOMAR sites no optical
evidence for benthic or nepheloid layers is apparent within the CTD
transmissivity data collected over each of the mooring sites (col-
lected during mooring recovery and deployment). This indicates
minimal resuspension within the deep ECOMAR traps. Furthermore,
the Al concentration of the particulate ﬂux recorded in the deep
traps at the NW, SE and SW stations is 0.670.2%, directly compar-
able to the Al measured at the PAP site from the trap tethered within
clear water 1455 m asf of 0.5% Al (Lampitt et al., 2000, 2001). The NE
ECOMAR mooring, however, had an Al concentration of 1.2% in the
deep trap. At the PAP site, the deep trap inﬂuenced by the nepheloid
layer and containing re-suspended material was conspicuous in
high Al¼1.1% (Lampitt et al., 2000, 2010). As there is no evidence of
a nepheloid layer at the NE ECOMAR mooring, the high Al is
puzzling. The high concentration of Al persists throughout the deep
NE trap deployment and does not occur in sporadic pulses that may
be indicative of transient sediment slump events off the MAR. In
addition, if the elevated Al concentrations had a sedimentary source,
Fig. 9. Mass ﬂux at the deep (100 m asf) traps, positioned according to the mean current during the sample period. Area of circle denotes relative mass ﬂux. Currents are
from 1000 m asf (1250 m asf at the NE mooring due to poor data return from 1000 m asf). Colour indicates deployment year: 2007–2008, yellow; 2008–2009, cyan; and
2009–2010, green.
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this ﬂux would also have an effect on other parameters of the
biochemical inventory. The Al:OrgC of surface sediment recovered
via mega-coring at the NE station was 1.9 (Table 3). If the entire Al
measured in the deep NE trap was derived from a re-suspended
sedimentary source, the associated re-suspended sedimentary
organic carbon introduced to the deep trap would contribute only
20% of organic carbon to the total calculated organic carbon
inventory. The high organic carbon measured may suggest that
the high Al refractory component of mass ﬂux measured at the NE
site is a permanent primary signature. Speculatively, the source of
this component may originate in an inﬂuence of particulate Al from
Icelandic rivers and shelf environments that elevate particulate Al in
surface water beyond 581N in the North Atlantic (Barrett et al.,
2012). This high Al signal may be transported south via the ISOW,
which has been shown to contain a high particulate Al signature
(Hall and Measures, 1998). Regardless of the provenance of this ﬂux,
in the context of the ECOMAR study, the NE trap stands out from the
other stations monitored in its high mass ﬂux, lower composition of
organic matter and higher refractory Al component.
5. Conclusions
The satellite estimate of primary production, based on the
modelled particle source region, over the MAR at the ECOMAR
study area during 2007–2010 is 191.6743.7 g C m2 y1. During
the 2007–2010 investigation, particles from the Mid-Atlantic Ridge
originated from a ﬁfth of the radius north of the CGFZ compared to
south of this location, yet there were no signiﬁcant differences in
primary production and particle export ﬂux between the northern
and southern sites.
While estimates of particulate mass ﬂux export of this material
are comparable with the PAP region of the eastern north Atlantic,
the organic carbon ﬂux above the MAR is lower, and balanced by a
greater contribution of inorganic carbon than recorded at the PAP
site. The NE station is conspicuous in having the highest ﬂux in
mass (38.5 g m2 y1) and organic carbon composition (1.2 g m2
y1) with elevated Al concentrations. These characteristics would
not appear to be due to resuspension and suggest the export ﬂux
in this region is biogeochemically different to the other three
stations.
Trapping efﬁciency is reduced in the shallow ECOMAR traps
relative to deeper high efﬁciency trap estimates which give a mass
ﬂux of particulate matter to this region of the MAR is
24.379.8 g m2 y1 (1s, n¼4) and a mean ﬂux of organic carbon
of 1.170.2 g m2 y1. This export ﬂux to the benthos is 0.6% of the
organic carbon produced by PP above the Mid-Atlantic Ridge.
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